The Small-tail Han sheep and the Surabaya fur sheep are two local breeds in North China, which are characterized by high-fecundity and low-prolificacy breed respectively. Significant genetic differences between these two breeds have provided increasing interests in the identification and utilization of major prolificacy genes in these sheep. High prolificacy is a complex trait, and it is difficult to comprehensively identify the candidate genes related to this trait using the single molecular biology technique. To understand the molecular mechanisms of fecundity and provide more information about high prolificacy candidate genes in high-and low-fecundity sheep, we explored the utility of next-generation sequencing technology in this work. A total of 1.8 Gb sequencing reads were obtained and resulted in more than 20 000 contigs that averaged w300 bp in length. Ten differentially expressed genes were further verified by quantitative real-time RT-PCR to confirm the reliability of RNA-seq results. Our work will provide a basis for the future research of the sheep reproduction.
Background
High prolificacy is one of the important goals of the sheep breeding in the world. The majority of sheep species produce single lamb and a small number will produce twin lambs, which greatly affected the breeding production. Owing to the low heritability of sheep lambing number (only from 0.03 to 0.1), it was difficult to improve this feature through traditional selection. So scientists pay more attention to search the candidate genes or mutations associated with ovulation rate and multiplets. High prolificacy is a complex trait, and it is difficult to thoroughly identify the candidate genes related to this trait using the single molecular biology technique, which was affected by genes, age, season, and nutrition, and the genetic factor is the most important factor.
Small-tail Han sheep (Han sheep) and Surabaya fur sheep are two local breeds in Shandong province of North China. The former is characterized by highfecundity with the mean litter size of 2.61 and an average lambing rate of 286.5%, while the latter is of low-prolificacy breed with an average lambing rate of 121%. Significant genetic differences between these two breeds have provided increasing interest in the identification and utilization of major prolificacy genes in these sheep.
With the development of molecular technologies and 'omics' tools, microarrays have been considered to be a standard strategy for the global analysis of gene expression. Thanks to the emergence of massively parallel cDNA sequencing technologies (Mardis 2008 , Mortazavi et al. 2008 , researchers can obtain coding sequence fragments from transcriptome data with nearly complete coverage in a reduced time and at a lower cost. Several recently developed sequencing technologies, such as the 454 Life Sciences (Roche) pyrosequencing platform, the Illumina Genome Analyzer, and Applied Biosystems SOLiD platform, can offer massively parallel production of short reads. Recent methods and experimental advances have made it possible to perform at de novo sequence projects (Li et al. 2009 ). Many previous pioneering works have suggested that nextgeneration sequencing technologies provide a massive amount of useful information for the transcriptome analysis in non-model organisms (Gibbons et al. 2009 , Wolf et al. 2010 . As a powerful tool to explore the expression levels of thousands of genes simultaneously in cell or tissue, the microarray technology was discussed and reviewed in livestock species. For example, to gain an understanding of the genomic influence on milk quality and synthesis, Bongiorni et al. (2009) used sheep-specific microarray technology covering most of the species' transcriptome and representing the first annotated microarray developed for sheep with a covering of 50% of the genome. Peñ agaricano et al.
(2012) studied the gene expression at black skin spots and white skin using microarray technology to identify the possible genes responsible for the development of this feature.
Until now, there is no high-coverage genome sequence available in the sheep, and microarray analysis of the multiplets has not been studied. In this work, to understand the molecular mechanism of fecundity and to provide more information on hyper-prolificacy candidate genes in high-and low-fecundity sheep, we explored the utility of next-generation sequencing technology for studying differential expression profiling in ovaries of the mRNAs in three groups (genotype BB Han sheep, genotype CC Han sheep, and Surabaya fur sheep). Our work successfully detected genes that were differentially expressed between the Small-tail Han sheep and the Surabaya fur sheep and also validate our RNA-seq data by real-time RT-PCR analysis. The report showed a de novo assembly approach for analyzing the transcriptome data of a non-model species using short-read sequencing data.
Results
De novo assembly RNA-seq and statistics of sequencing reads
We sequenced three lanes of the cDNA library from the genotype BB Han sheep, genotype CC Han sheep, and Surabaya fur sheep (see Materials and Methods section) respectively, and totally, about 1.8 Gb of 50 bp singleend reads (0.62, 0.6, and 0.61 Gb for the genotype BB Han sheep, genotype CC Han sheep, and Surabaya fur sheep respectively) were obtained.
Next, we performed de novo assembly of sequencing reads as described in the 'Materials and Methods' section. The bioinformatics workflow is described in Fig. 1 . The results of our de novo sequence assembly are summarized in Table 1 . The result showed varying amount of sequencing reads for these samples. We obtained 22 507 contigs for the genotype BB Han sheep, 20 553 contigs for the genotype CC Han sheep, and 23 965 contigs for the Surabaya fur sheep. The total amount of sequencing reads that can contribute to the assemblies was 4.1 Gb for the genotype BB Han sheep, 3.7 Gb for the genotype CC Han sheep, and 3.2 Gb for the Surabaya fur sheep respectively. Next, we analyzed the length distribution of the contigs. As shown in Fig. 2 , most of the sequences are between 150 and 500 bp, and the average length of assembly contigs is w300 bp.
To identify the contigs that were previously uncharacterized in sheep, we downloaded all partial or complete ovine genes that were publicly available. After removing the redundant sequences, totally 2209 (from 8341) genes were obtained. In this work, we identified 25 552 sheep contigs, including 25 216 new contigs for which no sequence information was previously available. This information will also provide a basis for further molecular research involving the sheep as a model organism.
Digital gene expression estimated by RNA-seq
Next, we performed expression analysis. The mapped read counts for each gene were normalized for RNA length and for the total read number in the lane according to reads per kilobase of exon model per million mapped reads (RPKM), which facilitates comparison of transcript levels between samples. As shown in Fig. 3 Figure 1 De novo transcriptome assembly. This figure summarizes computational procedures for assembly, annotation, and mapping of the sequencing reads. 588 X Miao and Q Luo was lower compared with the correlation between the two Han sheeps (R 2 Z0.85). For differential gene expression measurements, DESeq package was used. The significance threshold of P value in multiple tests was set by false discovery rate (FDR). We use 'FDR !0.01' as the threshold to judge the significance of gene expression difference. In this work, the resultant assembly contigs were aligned to the bovine genes based on the homology strategies to detect the differentially expressed genes (DEGs). Between the two Han sheep samples, we totally identified 2314 (1071 genes upregulated and 1243 genes downregulated) DEGs. One thousand nine hundred and twenty four (1351 genes upregulated and 573 genes downregulated) Supplementary Table 1A , B and C, see section on supplementary data given at the end of this article, and the M-A plot is shown in Fig. 4 .
Gene ontology enrichment analysis
To gain insights into the biological implications, we tested for enrichment of DEGs in gene ontology (GO) terms. GO categories are organized into three groups: biological process (BP), cellular component (CC), and molecular function (MF). The three groups characterize different aspects of a gene's function and are thus examined separately in our analysis. Genes that showed a nominal significance of P!0.01 were selected and tested against the background set of all genes with GO annotations. We found several GO terms significantly enriched (FDR !0.01) for DEGs, among which were GO processes related to their biological functions. All enriched GO terms are shown in genes were implicated in hormone regulation (StAR protein, mitochondrial, and folliculin) and one was assigned to metallopeptidase (ADAM metallopeptidase with thrombospondin type 1 motif 7). For these genes, the expression fold changes (2 KDDCt ) were also measured by real-time RT-PCR (Table 3) . Their expression kinetics from the real-time RT-PCR results was consistent with the RNA-seq analysis.
Discussion
It is well known that mutations that increase ovulation rate and affect reproductive performance have been discovered in the bone morphogenetic protein 15 gene (BMP15; breeds showing this mutation include the Inverdale, Hanna, Belclare, Cambridge, and Laucune; Shimasaki et al. 1999) , its receptor gene (BMPR1B; the Booroola breed), and growth differentiation factor 9 gene (GDF9; the Cambridge and Belclare breeds) (Paradis et al. 2009 ). In Han sheep, point mutations of the BMP15 gene B2 (CfwdarwT), the BMPR1B gene FecB (A746G), and the GDF9 gene G3 (G477A) and one novel singlenucleotide mutation (G729T) have been detected by PCR-SSCP or PCR-RFLP. FecB is a single mutation gene that results in a marked increase in ovulation rate and prolificacy in Han sheep; however, the mechanisms whereby this mutation alters ovarian function in Han sheep are still unclear, and the absence of the FecB mutations in the other prolific breeds does not preclude Paradis et al. 2009 , Canty-Laird et al. 2010 , Sugiura et al. 2010 , Otsuka et al. 2011 , Paulini & Melo 2011 , the BMP receptors (BMPR1A, BMPR1B, and BMPR2) (9), intracellular transducers (Smad1, Smad5, and Smad4), and related molecules (GDF9 and TGF-BRI) (Knight & Glister 2006 , Feary et al. 2007 , Paradis et al. 2009 ) are now known to have effects on reproduction. Furthermore, different modes of cross talk between the BMP signaling pathway and the MAPK, phosphatidylinositol-3 kinase (PI3K)/Akt, Wnt, Hedgehog, and Notch pathways have also been investigated. And it is reported that the SLIT/ROBO pathway has functional roles in pivotal processes in ovary development by inhibiting cell migration and promoting apoptosis and subsequently determined fertility in adult life.
In this study, we successfully demonstrated that the next-generation sequencing technology could be a useful way for the gene expression profiling in the nonmodel species that is lacking genomic information. Next-generation sequencing method provides a lowcost, labor-saving, and rapid ways of transcriptome sequencing and characterization. Recently, de novo transcriptome analyses, that is, de novo assembly of short reads from mRNA without genome reference, have emerged. Several studies have reported the transcriptome sequencing of various non-model species using next-generation sequencing technologies (Gibbons et al. 2009 , Wolf et al. 2010 . Although many studies are based on the long-read sequence data using 454 pyrosequencing or used a hybrid approach, the de novo assembly of transcriptome employing short reads (Illumina or SOLiD) has also received extensive attention because of its relatively low cost. In this study, we presented a de novo assembly approach for the transcriptome for the non-model species using only short-read sequence data and showed a strategy for identifying sequences with different expression levels between different sheep samples (the genotype BB Han sheep, genotype CC Han sheep, and Surabaya fur sheep). The strategy of differential gene expression analysis described here can be potentially employed in any species. Although currently we can only speculate on the functions of the candidate genes for the comparison of different sheep, further detailed analyses of our transcriptome data could contribute to the development of molecular studies and may accelerate functional genomic studies of their biological implications. Therefore, we concluded that nextgeneration sequencing technologies will also provide new insights into the biological study of phenotypic variation in wild organisms.
Changes in gene expression between Small-tail Han sheep (Han sheep) and Surabaya fur sheep were detected by RNA-seq analysis. GO enrichment analysis results suggested that BP-related genes might play important roles in the difference of fecundity between BB and CC Han sheep, and CC-related genes might play important roles in the difference between the Surabaya fur sheep and genotype BB or CC Han sheep. Genes confirmed as differentially regulated in hyper-prolificacy included those involved in plasma membrane, ribonucleoprotein complex, and translation-related genes, which implied that there are some other genes associated with high prolificacy besides FecB gene. The real-time RT-PCR results showed that TGFb-associated genes were upregulated in BB and CC genotype, which implied that TGFb played important roles in high prolificacy of Small-tail Han sheep. BMPs belong to TGFb superfamily, and Bonnet et al. (2011) have proved that BMP15 was expressed in sheep granulosa cells and oocytes during early follicular development by laser capture microdissection and which played important role in follicular development and ovarian function (Otsuka et al. 2011 , Paulini & Melo 2011 . In our study, latent TGFb-binding protein 1 was highly upregulated in Small-tail Han sheep, especially in BB genotype, implying that it might play critical roles for high prolificacy. The function of this gene might be involved in the assembly, secretion, and targeting of TGFb1 to its stored and/or activated sites and might play critical roles in controlling and directing the activity of TGFb1. The results suggested that other members of TGFb superfamily were also involved in the high prolificacy besides BMP15.
Our data indicated that plenty of genes were differentially regulated in different sheep. As shown (Supplementary Table 1 ), most components of 40S (e.g. S10-S21) and 60S (e.g. L5-L15) ribosomal complex are differentially expressed, suggesting that protein synthesis activity could be a critical determinant for fecundity and prolificacy. It has been suggested that male fertility is affected by mitochondrial haplotypes (Yee et al. 2013) . Among those DEGs, ATP synthase subunits, NADH dehydrogenase, and Diablo homolog are linked to mitochondrial and cellular metabolism (Wathes et al. 2012) . Different signaling pathway molecules are also differentially expressed, such as Wnt-2b and b-catenin in regulating Wnt pathway (Mosimann et al. 2009 ), MAPK and MAPKK in MAPK pathway (Raabe & Rapp 2002) , and GPSM1 in G-protein signaling (Blumer et al. 2008) . In addition, proteins required for transport are also differentially expressed, such as Zinc transporter ZIP13, intraflagellar transport 122 homolog, long-chain fatty 
Conclusions
In this study, with the use of next-generation RNAseq technology, we have characterized the DEGs in Small-tail Han sheep and the Surabaya fur sheep in a genome-wide level. Our data highlight that multiple genes, such as latent TGFb-binding protein 1, are potentially critical for regulating sheep fecundity and prolificacy. Together, besides providing the key knowledge related to the high prolificacy of Small-tail Han sheep, our study will also be served as a very useful genetic resource for other relevant research community. Nonetheless, further studies are still needed to verify the physiological functions of candidate genes for high prolificacy through genetic engineering.
Materials and Methods

Samples
Totally, 108 Han ewes from the fine nucleus herd, bred by Ao-Te sheep breeding farm in Qingdao, Shandong province of China, were used for blood sampling to identify the FecB mutation in the BMPR1B gene. Among these ewes, three adult Han ewes with genotype BB and genotype CC were regarded as two groups in high-fecundity Han sheep. Meanwhile, three adult Surabaya fur ewes (aged from 2.5 to 3 years) were killed for ovary sampling as the control low-fecundity group in the same condition. All animals were raised under the condition of free access to water and food in natural lighting. All experimental procedures were performed according to authorization granted by the Chinese Ministry of Agriculture. All experimental ewes were treated with intravaginal sponges (40 mg; Chronogest, Intervet, Federal District, México) impregnated with fluorogesterone acetate during 10 days. And after 10 days, sponges were removed and pregnant mare serum gonadotropin (Ningbo Hormone Co., Ningbo, China) was injected i.m. at doses of 400 IU each sheep to synchronize estrus (Quintero-Elisea et al. 2011). After estrus was diagnosed, all ewes have reached spontaneous estrus after an estrous cycle and then animals were killed between 24 and 36 h after spontaneous estrus was detected. Whole ovaries were excised and samples were collected with better ovulation points on the surfaces of the ovaries. All samples were immediately snap-frozen in liquid nitrogen and stored at K70 8C for total RNA extraction.
RNA extraction and RNA-seq
Total RNA was extracted from ovaries in three groups (BB Han ewes, CC Han ewes, and Surabaya fur ewes) using TRIzol (Invitrogen, Inc.) according to the manufacturer's instruction. The extracted RNA was treated with RNase-free DNase I (Ambion, Inc., Austin, TX, USA) to remove any potential genomic DNA contamination.
After extracting the total RNA from the samples, mRNA was enriched using the oligo(dT) magnetic beads. Adding the fragmentation buffer, the mRNA was interrupted to short fragments (about 200 bp) and then the first-strand cDNA was synthesized by random hexamer primer using the mRNA fragments as templates. Buffer, dNTPs, RNase H, and DNA polymerase I were added to synthesize the second strand. The double-stranded cDNA was purified with QiaQuick PCR extraction kit and washed with elution buffer for end repair and single nucleotide A (adenine) addition. Finally, sequencing adaptors were ligated to the fragments. The required fragments were purified by agrose gel electrophoresis and enriched by PCR amplification. The library products were ready for sequencing analysis via Illumina HiSeq 2000.
Bioinformatics analysis
We applied a series of de novo assembly pipeline to these sequencing reads. De novo assembly was carried out by Inchworm nested in Trinity Software packages (Grabherr et al. 2011) . It utilizes the K-mer graph method to assemble Illumina RNA-seq reads. Although it prefers strand-specific RNA-seq reads, Inchworm can also deal with the nonstrand-specific RNA-seq reads generated from the RNA-seq experiments. Lowcoverage artifacts or redundancies from different tissues were removed by CD-HIT (Li & Godzik 2006) with an identity threshold of 95%. The detailed work flow is described in Fig. 1 . To find new transcripts, we downloaded sheep genes from NCBI database and then compared all these transcripts to these sequences using BLASTN.
Expression profiling
The mapped read counts for each gene were normalized for RNA length and for the total read number in the lane according to RPKM. The RPKM method is able to eliminate the influence of different gene length and sequencing discrepancy on the calculation of gene expression. Therefore, the calculated gene expression can be directly used for comparing the difference of gene expression among samples (Mortazavi et al. 2008) . For differential gene expression analysis with count data, the DESeq package in R was used (Anders & Huber 2010) . We used FDR to determine the significance threshold of P value in multiple tests in the experiment.
GO enrichment analysis
GO is an international standardized gene functional classification system that offers a dynamic updated controlled vocabulary and a strictly defined concept to comprehensively describe properties of genes and their products in any organism. GO terms and annotations were obtained in our mySQL database, which was downloaded from the December 2011 release (Smedley et al. 2009 ). Hypergeometric test was applied to map all DEGs in GO terms and search significantly enriched GO terms in DEGs comparing to the genome background. In this work, this analysis was performed using FatiGO Software (Al-Shahrour et al. 2004) .
